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An equation v;lth which 3t is possible to correlate the cooling 
characteristics of an engine has previously been dGvelo;oed . The 
validity of this eq-'ation is herei^i choc)red by the correlation of 
data over a mde ranpe of en[-ine and cooling; co^^-ditions from single- 
cylinder laboratory tests of a cylinder of a Pratt S. '"Whitney R-230Q-21 
engine. The data from the Ir.boratcry tests ox this C37linder mounted 
on a sinf-le-cylinder test und.t are comr:ared v/ibb those from wind- 
tunnel tests of a Pratt 2c '^ihitney R-2':;f 0-2? mult J cylinder eneine and 
a method is presented by -*.ich the press-ire drop required for cooling 
the multiCTn.inder er-gir^e vras predicted, with little error, by means 
of the cooling; eqi^atlon for the sin,;le-cyliader eirine. These pre- 
dictions could he made, however, only after estrblishinf- the relation- 
ship betvv'een the hottest rear sparh-plug temperature of the Pratt £c 
TJhitney Ft'-2GOr'-27 er^y.ine and the rear spark-plug temoeratrre of the 
sin^/le-cylinder test unit. Data are also presented on the adequacy 
of the thermal bend be-twee>-i tlie aluminiim muff and the steel barrel 
of the cylinder from the Iratt '"Jliitfiey R-28CC-21 en.pine. 



PTRODPOTIO^I 

An equation has been develo.-'ed v/ith which it is possible to 
predict the coclipo characteristics of an onfvi.ne (reference 1)- By 
means of the cooling eL-ration, it is also possible to compare the 
cooling': of various er:.r:ines. Tests have l^ee'? m.ade on many cylinders 
to checl-- the validity of the equation (refere.-^ces 1 to 3), b-'^t the 
data in some cases were rather meager. 

The 13 se of a smr^le-cy'l mder engine for cooling tests is advan- 
tageous in tliat changes can be r^ade in a minimum of time and t'-^e 
cost involved in mahinr changes is onlv a fraction of that for a 
multlcvl inder engine, S'' ngle-cylinder engines have, there.fore, 
been vsed extensively for cooling tests. /t tir.es it is important 
to knovr the coolin'-; perform.ance of the multicylinder engine and much 
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tine cpn he saved, if this perfcnnance can be predicted fro^ s.i'^r:le~ 
cy Under tests. A cofaparlson has ^een made of th--^ cooling perform- 
ance of a 8 inp'le -cylinder '^r.r. ;; -,,0 ^.vith -^h;---'" o ^ a ti.''.vl'' nder engine 
(reference 2) . 

The o"^^ject of the present report is to present tests on the 
perfornr.nc^o and cooling of an air-cooled cylinder, frcm a Pratt d- 
'.^iitney R-280C-21 eiipiiie, counted on a single-cylinder test base. 
The tests were run over a wide range of conditions to check further 
the correctness of the coolim^ equation. T!ins cylinder had a 
machined aluminum-finned muff shrunk on the steel barrel, a type of 
construction similar to that tested ?/ith electrically heated coils. 
Another object of this report is to present resu.lts on the adequacy 
of the therrnal bond between the muff! and the steel barrel of this 
cylinder. The results of the sinple-cylinder-engj ne tests are com- 
pared wi.th the cooling of a Pratt & :''Jhitney R~2 800-27 engine that 
was tested in a wind tunnel (reference k) • This comparison was pos- 
sible because the cool 'np-sur free r r^^r^n t'-^.e cylinders of both 
engines -^Me r e t he same. 

The ooolin'^ requirements of the 'mi It i cylinder engine v/ere 
obtained from the singd-e-cylinder-enpine coolinr equation and from 
the correlation factor that was established between the single- 
cylinder and the multi.cylinder ij-ests for several power ratings and 
f^'el-aj-T ratios for sea-level pressure and temperature. 

This Y/ork was conducted at it^e Lan,rrley liemorial Aeronautical 
Laboratory, Lan^-jley Fiold, Va., durin,';^- IvUl. 

ANyXY3T3 

An equation was developed In reference 1 by which the averap;e 
temperature over the head and barrel of an enrme cylinder could be 
calculated. The equation for the herd, in the notation oT the 
present paper is? 

_!l--_!i._^.li.:L (1) 

Vv'here 

T]^ averar.e temperature over cylinder-head surface Vvhen heat equi- 
librium is attained, ^7 



ta te-werature of cool.inp air at face of enrine, 
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Tg mean effective pas temperature ^ ^ 
B constant 

a]_ internal --surface area of head of cylinder, square inches 
I indicated horsepower for each cylinder 
n' constant 
K constant 

outside-wall area of cylinder hea:l, square inches, (does not 
include rocker-box surfaces) 

Ap pressure drop across cylinder, inches of lyater, (includes loss 
out of exit of baffle) 

p average density of cooling air entering and leaving fins, 
(pound) (second) ^/loot^ 



P60 



density of air at 29.92 inches of mercury and 60 F, 



(pound) (second)Vf ootA, 0.002U^ 
m constant 

It v'vas also shown in reference 1 that 

\ z 



(.PP/P,,)^ (2) 



where 



weight of cooling air flov;ing over head of cylinder, 
pounds/ second 



K^, z constants 

A. complete set of symbols for all equations used in this report 
is given in the appendix. 

Equations similar to equations (l) and (2) can be v/ritten for 
the cylinder barrel. 

As the inlet density is decreased or the quantity of heat is 
increased, the pressure drop across a resistance tjIII increase for 
a qiven v/eit^ht of air flov±n[^ across the resistance. This increase 



is dne to increased accel'^ration and friction losses caused by 
frve^ier chLnrfj^s in velocity of the air throuph the resistarce. An 
att-^.ip.pt has been made in equation (l) to comy^ensate for such changes 
in density or heat output by usinp: an average density based on the 
tfimoeratures and pressures of the cooling air in front of and behind 
the cylinders. Tests for limited ran^^;o5 of heat output and density 
hr^ve shoTO that, by usinf^ an av'jra;'e density in equation (1), cor- 
rect values of prossur.j drop will be obtained from the equation. 
The q.naiiti.tative effect of decreasinr, the inl.et density or of appre- 
ciably increasing the heat outpvit on /.p across an en^^ine cylinder 
is not know, and tests are needed to establish these relations. 
Attempts have been made (references 5 and 6) to estimate the pressure' 
drop roquireraents of air-cooled enj^ines at hiffh altiti^des by sijuple 
theories involving the acceleration and friction losses. The veloc- 
ity betY.'-een fins may be larr,c enouph at high altitudes to cause com- 
pressibility shock to develop for ;vhich no corr^.ction to sea-lcvel 
pressure drops has been made to ^^-^t^ . 

^^:;cause of the limitr'^.tion involved in estimating temperatures 
of engines at high altitv-de from an equation of the form of equa- 
tion (1) obtained at sea lev^-.l, the data of the present report are 
presented in the form of an equation that is a combin'^tion of equa- 
tions (1) and (2). Thus, 



T'h - 



b an 1"^ 



(?) 



Except for a small error due to the chan:;^,e of viscosity of the air 
with altit^.-'de, ecjiation (Z) i^ apolicobl-: at all altitudes. 

For a giA^en c:'li>^der, tests can be mrde in the laboratory by 
methods given in reference 1 to obtain the valiies of K, m', 
Tg, and n'. From, the cylinder itself, a^j and a-, can be 
obtained. The methods of obtaining a^ and a^^ for conventional 
cylinders are gi.ven in reference 1. 'Tien an aluminum, muff is used 
on a C37-linder barrel, a^ is t!ie outside-surface area of the muff 
covered by the fins. The value of t^^ to be used in equation (l) 
and of pj_, inlet density at the face oC the cylinder, to determine 
p in equation (2) for the sin?],le-cylinder engine will be based on 
measu.red values of static pressure and temperature at the front oi 
the cylinder. 

The data of the cooling teets on the Pratt & mitney }l-2B'OC-27 
engine p.i-ven in reference U were presented .in an equation of •' the 
following form: 



T - t 



-mi 



(I4) 



where 



C 
n 

Pi 
P60 



average teipperature at rear spark plugs of cylinders, ^F^ 
(obtained with thermocouples embedded in spark-plug boss) 

temperature of a^r at face or engine, ^ 

constant 

weip;ht of combustion air to engine, pounds/second 

constant 

constant 

pressure Iron across eng.ine, inches of vfater, (includes los^ 
out of exit of baffles) 

density of air at front of engine, (pound) (second) ^/foot^ 

density of air at 29.92 inches of mercury and 60^ 



(pound) (second) V^^oot^ 
r^e*^'! effect! f^s tenpera.ture , ^ 



The data in ref'^rence h v;-re also present. jd in the form 



- t 

IP ± = r. 

^p 

vrhere 

C2 constant 
m]_ ' constant 

weight of cooling air passing over engine, pounds/second 



riyn 



j -II 
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The quantity T is a fvnctiDn of fi?,el-air ratio^, inlet manifold 
temp'^^rature, and sDa?k tir.i^*n[% In the conventional multicylinder 
engine the true inlet mrnifold temperature is indefinite and dif- 
ficult to rp.easure because an unknown amount of fuel is vaporized in 
the carburetor and bioiyer. In reference the expedient was adopted 
of usinr.;. instea'-' of true manifold teT.perature, a dry effective mani- 
fold temperature t^ defined as the oum of the carburetor-air temper- 
ature ard the rise in air tenperature in passing through the primary 
svipercharrer evaluated on the ass^;mption that no vaporization of the 
fuel occurs. Tiie fcllowing approximation for t,^ was used 

t., = tc + — - (6) 

vA'Aere 

t^ carburetor inlet-air tomporatur 'j^ ^? 

TT^ tip speed of primpry blow-^r^, f eet/sccor-d 

g acceleration of ^r^^r^ty, fc9t/( second ^V"^^ ^2.2 

Cp specific heat of air at constant pressure^, Iitu/(pound)C^F)^ 
0,2l4 

J mechanical equivalent of heat^ foct-pounds/Btu, 778 

The blower tip speed \\ can be riven in terms of the engine speed, 
the impeller Hiameter, and the imipellor-^jesr ratio. The^ following 

formula was used for the effect of variation of t.. on Tp-! 

in t-j 

= 0.5 (7) 

This equ.s.tion was oLt-iuneu Crcm results f:iven in reference 2. The 
effect of fuel-air ratio on the ras temperature was obtained from 
test data. The effe::t of sp-ark advance was not required because 
all the tests wore ruri at the sam(-i setting. "'{nen sn.ch methods v/ere 
used to determine T^,, the data of reference k conform.ed very vrell 
to the values predicted by either equation (h) or (^). 

The data of the present report are also presented in the forms 
of equations (h) and {^) for d-ireot comiparison between multicylinder- 
encine and single-cylinder-enp.ine coolinr . In the sin~le-cylinder- 
engme equation T^ is the rea"'- -'-nr^-^lrr +r-^pr-T-:-^,--]'":. r^htained 
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yrith a ^^asVet-type thermooorple . In the sinr.le-cvlirider-enr.ine 
equation was obtained hv mu'l ti^lyin^; the qiTantity of chrrfe air 

used, by 18, ""and was obtained by multiplyinr the sum of weif.:hts 

of coolin,^, air passing over the head and the barrel of the cylinder 
by 18. The Fratt &: ViPiitney R-2GOO-27 enf;ine has 16 cylinders and 
such calculations would niit the sinple-cylindor end multicylindor 
resi.-'lts on the same basis* 

Estinir-tes of coolin<;-preGsure-'-Yop rcquireioents for the Pratt & 
IT/hitney R-?80C-27 enf^ine are n;ade from the sing3.e~cylinder-engine 
ec£uation of the form of equation ('i) and froni the relation betv/een 
the sinr.le-cyllnder-enf'.ine and the multicylinder-engine cooling. 
Because, of the fact that was used in equation the eqiiaticn 

is applicable only to a lir.ited cltitude ranre. All ostiinates are 
therefore restricted to sea-level requirements , where Army air tem- 
perature of lOG^ F and standard sea-level pressure of 29.92 inches 
of mercury are used for the atmospheric conditions • The first esti- 
mates are made b;/- substit^-ting these values of temperature and pres- 
sure in th.e cool.i aji equation* The valu'^'S of p. and t,, in the 
equr\tion should be for conditions of pressure and. temperature that 
exist at the en^-ine face as r.:iven .in the definition of these symbols. 
At low airplane speeds p^ and t^^ i=^-ill be 'about the same as in 
the free air stream. /t hl^'.h speeds^ however, the temperature and 
pressure will be £>,reater at the enp/lne face than in the free stream. 
becai:se the a.ir slo^s nc';m as it passes irito the cowling. This 
slowin^r do-^^m will Ccvse a compression of the air mth little loss of 
pressure if the cowl in p; entrance is well made. It is i>sualiy 
assumed that no loss of total pressure from, the free stream to the 
engine face occurs and that the air has practically no velocity in 
front of the enf^ine. The pressure at the engine face is then equal 
to the static pressure in the free stream, plus the velocity pressure 
in the free stream. The com.pression is assuined to be adiabatic and 
the temperature at the engine face is calculated by use of the 
adiabatic com.pressicn exponent. The pressure and the tem.perature 
at the engine face are thcin 

1 ^ 

± ' o ^o ^- C' 2 ^ ^ ^ 

and 

- o 

yjhore 
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dynanlc precsiire of air in froe air stream 
Pj_ pressure at face of er.:^ine 
p^ static pressure in free air stream 

temperature at face of engine^ ^ absolute 
Tq tempei-ature of air in free air stre-am, absolute 

velocity of aii-plane 

density of air in free air streaju 

In the calculation of the press^-^-re at the engine face^ two factors - 
the factor of coriprcssihility and the inlet-duct pressure loss - are 
omitted for the sake of simplicity. Inasmuch as the factor of com- 
pressibility is a positive correction and the inlet-duct-pressiure 
loss is a negative one, the tvo corrections approximately cancel each 
other for the values given in this report. 

The estimates of cooling-pressure-drop requirements for atmos- 
pheric pressure and temperat'ore can be corrected for pressure and 
temperature at the engine face by means of the equation 



Pi T 




Where t^, Tp, and tj_ are in ^ and and are in ^ abso- 

lute. The cooling-pross^ore-drop requirements based on 100^ F and 
29.92 inches of mercury are corrected by means of equation (10) for 
assumed values of airplane speed. The values of Tg to be used in 
the equation when estimates of cooling-pressure drop are made are 
obtained in the same manner as in reference 4 and as previously 
explained in this paper. 

With fast-climbing airplanes, the temperatures of the cylinders 
do not reach equilibrivm until some time after take-off. The 
cooling-pressure drop required is therefore lower than if equilibrium 
tc;mperatures are reached. In order to detemino this pressixre drop, 
the cooling equations of tho forms of equations (1) and (4) wo^old 
have to be revised by methods given in reference 3 and would be very 
complex. The cooling-press'ure drops are therefore estimated in this 
report for climb conditions from equations established for heat- 
equilibrium conditions. The estimated cooling-pressure drops are 
the-efore somoT^Tliat greater than if the more complex equations for 
conditions of no heat equilibrium wore used. 
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The cyl inHor froTTi the Pratt L- ^Tnitn.:y R-26CO-21 orifinG vxas 
moiTitjd for tosti.np on a sinp;lo-cyl?.nd .r tost lanit^ as shown in fif.;- 
Tire i« The bore and the strok'; v/orc ^^j^ and 6 i^ichcs, respective.!:/, 
and arc th.; san-:. as the hor;-; and th': st-roke of the mjlticylind.:;r 
onfrinc . Thi compr'ossion ratio used in the t^sts was 6o7^ vfhich is 
also the sair.e as in th:-: nulticylindor -.nginc. Tho cams used in the 
tostt^ rave a valve, tiuiinr that ims a ^proximatoiy the same as in the 
Prctt ^' ■•»/hitn jv R-230C-2i engine 3 narvj-y, 

Tritai-.. opens, dop:rees P«T«G , » , 20 

Intake closes, dcfyrces A.V^.Zo o . ^ , . . o . . o o , . - « » c 7^^ 



■^hanst opens de^'r-.-^^s Bo^.'3. 
Exhaust closes, d>.fr;.es A oT\T-, 
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Th.; cylinder was enclos:3d in a nheet-metal jacket connected tc 
a centrifupal blovrer that lurnished tlie coolinp air, A diat'ram of 
the jack.:.t is shovm in figure 2. Th^j iack^.t had a wide entrance 
section to prov.idu a loyr air velocity in front of thv. cylinder.; the 
rear half of the jacket fitted clcsel^^ agai.nst the fins in order 
that thw air ndcht he effect iVv^ly u?::do The area of the exit of 
the jacket was 1.6 t:^iTiJc \2:o fr-.e-flo^ area h..tween tho fins. A 
partition Vv'-as loc^-t.jd in the exit dvct.of the jack..t in ord:.r to 
separate the air t-iat flo-^r^d ever the head fron th.. air that flmfrcd 
over the b^'^irr ^le 

In sorrje tests bpff:]-e elates vr.;rr: plac.jd ta fro t 01 tho cylinder, 
as shoTO in f ifivr - 2, ^r^ order to chaare th-^ dir';;Ctlon of the air 
str:.am. The vs.. of si^ch d..vicus h-.s, in th. pr:=st, r;.sulted in 
makinp. th.. coolinf ef tho test cylinder more lil<:e that in flight. 
Thus, the ccolinr; in th^ laboratory was a clos'.r approach to the 
coolinr encount;.r'..d in flir.ht rhen this turbul.no- d.viCo v/as us.d. 

Cooling air was furnished by a centrifu^^al blorrer connected to 
the cylinder jaeJi-.t by an air dueto The air qnantity ?/as measur-.d 
mth thir-platc orific-..s in th. ends of an orific^ tank that -vvas 
conn..ct-..d to thj inl-.t of the blo-r.r, 

"A ^lash blo^'«-.r -.vas us'.d to provJ^: inl't manifold preGSur:.s above 
ai:Fiospheric rresrAi.re, A surrc tan^v was installed in the inlet 
system above the engine to reduce pulsetions. Th^-^ engine power was 
absorbed by an interconnected water brake and an electric d^/namometer, 
and the torque was measured by dial scalo.^-. Standard tost-engine 
equinment was used in measurinf. engine speed and fuel consunipt ion. 
(See fir- i.) 
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Iron-constantan thermocouples and a potenticmeter were used for 
measuring the cylinder temperatures. The thermocouples were made 
of wiTe of 0.016-1 nch diameter, enameled and silk-covered. The 
temperatures were measured at 22 points on the head^ 2 points on the 
flange^ and 20 points on the barrel^ as shown in figure J. The 
22 thermocouples on the head and 10 of the thermocouples on the bar- 
rel were peened into the aluminum as shovm in figure h. The other 
10 thermocouples on the barrel were placed on the steel through holes 
drilled through the aluminum, muff. Hard-rubber plugs were placed 
in the holes as shoTO in figure U and the metal at the top of the 
hole was peened around the plug to hold it in place. ''Whenever a 
thermocouple was placed on the steel, another ivas placed on the alu- 
minum muff as close as possible to the first thermocouple. The 
thermocouples on the muff are shown by the designation {Al) in fig- 
ure 3« 

The temperatures of the cooling air passing over the cylinder 
barrel and the cylinder head were measured separately. The cooling- 
air temperatures were measured at the inlet of the jacket near the 
cylinder by two multiple thermocouples consisting of two thermo- 
couples connected in series and at the outlet of the jacket by tv^o 
multiple thermocouples consisting of four thermocouples connected 
in series. Cold junctions of all thermocouples were located in an 
insulated box. The cold- junction temperatures, the air temperatures 
at the thin-plate orifices, and the air temperatures in the surge 
tank above the carburetor were measured >\dth liquid-in-glas« ther- 
m.ometers . 

The pressure drop across the cylinder was measured by a static 
ring located ^?round the air duct ahead of the engine cylinder, Yvtiere 
the velocity pressure was negligible. The pressure drop across the 
cylinder with the baffle plates placed in the jacket entrance 
(fig. 2) was obtained with total -head tubes placed betv/een the fins 
of the barrel and the head near the front of the cylinder • The 
locations of the static ring and the total-head tubes are shorn in 
figure 2» The static ring and the total-head tubes were connected 
to water mianomieters. An alcohol-filled micromanometer was used t-) 
measure the pressure in the orifice tank, and a mercury mianometer - 
was used to measuro th'^o ongine-inlet pressure in the surge tank above 
the carburetor. 

The quantity of engine combustion air was measured with a thin- 
plate orifice in conjunction with a multiple mianometer that indicated 
both the total pressure upstream of the orifice in inches of mercury 
and the pressure drop across the orifice in inches of ^.vater. Fuel- 
air ratios were calculated from the measurements of air and fuel 
consumption. 
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>.0?T!IOrS A'^^D TESTS 
Engine Cooling 

Tests were conducted to determine the ceding and the power 
characteristics of the cylinder to be used in predicting perform- 
ance as limited by cooling. Calibration tests were made to deter- 
mine the weight of air flowing over the head and barrel of the cyl- 
inder per unit tim.e as a function of the pressure drop across the 
cylinder « The constants in equations for the barrel and head of 
the form of equation (2) are obtained from these tests. The call- 
bratnon curves arc shov/n in figure ^. These curves are applicable 
for the jacket both with and without the baffle plates. The con- 
ductance of the baffles calculated in the conventional marjier is 
0.090?, based -. ^r-ntal area of the 2800 engine. 

Tests of the cylinder were conducted to determine the constants 
in equation (1) and in a similar equation for the cylinder barrel by 
methods fully described in reference 1. These tests were made both 
with the jacket of wide entrance and mth the jacket having baffle 
plates in the entrance o From, these tests_, the cooling characteris- 
tics of the cylinder with turbulence at the jacket entrance can be 
comx^ared y/ith the ending characteristics without turbulence at the 
jacket entrance. Likewise Trom thes'e tests^ the cooling character- 
istics of the cylinder can be compared with those of other cylinders. 

The value of Tg to be used in equation (1) depends on the fuel- 
air ratio^ the spark setting, the intake m^anifold temperature, the 
compresr/ion ratio, and the exhaust pressure being used. The effec- 
tive gas temperature has been found to vary v.rith all of these factors 
except the compression ratio, for wh-ich no tests have been made to 
date (references 1 and 2). Tests were made on the present cylinder 
to determine the valuer of Tg for various fuel-air ratios only by 
the micthods given in references 1 and 2^ and these values were used 
in the estimation of cooling-pressure drops. The variation of Tg 
Yfith spark setting and exhaust pressure would be small for the range 
of conditions covered by these perfcrmance-prediction calculations. 

Tests wer j also made over a Yvd.de range of engine and cooling 
conditions to determine the temperature distribution over the cylinder 
and to establish the validitir of the cooling equations. These con- 
ditions will be given in detail later in the paper. 



Engine Ferform.ance 

Tests w^re conducted at wide-open throttle with a maximum-power 
mixture over a range of speeds from approximately l600 to 2600 rpm. 
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In addition, tests wero made at v;ido-opcn throttle and at 2100 rpm 
to determine the variation of power and specific fuel consumption 
for a range of fuel -air ratios. From these speed and fuel-air- 
ratio tests, the values of fuel -air ratio for maximum-power, maximum- 
economy, and full-rich mixtures v^ere obtained. 

A series of tests was made at wide-open throttle, at maxim.um- 
power mLxture, and at 2100 rpm for e range of manifold pressures from 
approximately 29 to h9 inches of mercury absolute. The object of 
these tests was to determine the coding of the cylinder near its 
rated power outpit. ^ 

A spark setting: of 20^^ B.T.C. and gasoline conforming to Army 
Specification No. 2-92, grade 100 (ICO-octane number. Army methcd) 
were used for all the tests. The engine horsepowers given in this 
paper are all observed values. The friction horsepowers were deter- 
mined by motoring the eng-^ne at the inlet pressures and speeds used 
in the pov;er runs. The methods of computing the results are fully 
described "jn references 1, 2, and 7, 



RE3ULTo AMD DISCUSSION 
Engine Cooling 

Coding equations for cylinder of Frc^tt &. T]hitney R-2800-21 
engin^, ~ From the test data, constc^nts vrere obtained to insert in 
equations for the cylinder he^d and the barrel vdth and without 
baf rie plates in the jacket entrance. For the case of the jacket 
Yjithout baffle plates, the equations are 

(Head) f~rnrr = -— n-Zo" 

^f? •'h i.U8 7r*^^ 

,x T'b - 0.01??. ai 

(carrel) = ,^ (12) 



2.87 a^ -^'t 

The equaticns with baffle plates in the jecket entrance arp 

\ ~ t. O.OU99 a. I^.^l 

(Head) J" . / = ^ra- (1^) 

1.86 a^ W^*^^ 

Tv. - t^ C.0K2 a. 
(Barrel) " _ / = ^ ■ (lU) 
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Trie equations for the bp^rrel are based on the averafje temperc-.ture 
oi? the 10 thermc couples oa the steel l.lner. 

The areas of the cylinder are as follows: 

Head Barrel 

Effective lnternal-/;all area a-j_^ square inches 70oU 8.^«? 

Effective external-';/all area a^^ square inches l.'i^oO 72.2 

The outsirle-wall h-:at-transf er coefficient U may be obtained 
from the equation in reference 1: 



(1?) 



Also 



a/ 



(16) 



where H is the hriP.t transferred from cylinder wall to coolinf: air^ 
Btu/hour. The method of calculr;ting H is ^^iven in references 1 
and 2. If IT is obtained from equation (l6) and plotted arainst 
•rfTj the values of K and can be obtained • 

The values of K and m' in equations (1^) and (l!i) were deter 
.Tij.ned in this manner and the values of K and m^ in equations (11) 
and (12) were checked by this method* The curves of TJ plotted 
af;;ainst W are shov/n in figure 6. ' From these curves t^e vrTues of 
K and m^ for the case of no baffle plates are 

Head Barrel 

K 1.1:9 2.8? 

m^ -.61 .^i 

which are close to the values in equations (11) and (12). The baf- 
fle plates increased the values of IT ^bout 20 percent as comrar-^d 
with the cooling without baf.ries* 

Equations (11)^ (12)^ (13):» ^^^^ (1^) can be converted to the 
form of equation (i) by substituting in these equations the relation 
between W and App/p^Q given in figure 5o 

Variation of T^ r vath fuel -air ratio ♦ - The results of the 
tests to determine the variation of the effective gas temperature 
with fuel-air rat in are shoTO in figure 7» It. has become general 
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practice to reduce Tg to a dry intake manifold temperature of 00^ F 
(reference 4) by making use of equations (6) and (7), No super- 
charger was used in the present tests between the carburetor and the 
engine^ and the temperature of the carburetor air was 80^ F (fig. 7), 
which is equivalent to the dry manifold temperature. Therefore^ 
Tg at 80^ F will be equal to the results of figure 7 minus 0.8 
(83 - 80). This correction should result in the head curve of fig- 
ure 7 passing through llv50^ F and tho barrel curve thi^ough 600^ F 
at a fuel-air ratio of 0,08. The temperatures of 1150<^ and 600^ F 
were used to establish the cooling eqijations of the engine from 
tests at fuel-air ratios of approximately 0.08. Applying the tem- 
perature corrections to figure 7 will not result in the curves 
passing through the temperature expected. Tho results of figure 7 
were obtained from only one series of tosts and^ although the curves 
did not pass through the values expected when corrected to 80^ F dry 
manifold temperatui-e^ the results were close enough for practical 
pujc^poses and no further tests were made. The values of Tg of 
figure 7 were used in determining correlation curves to be presented 
without correction to 80^ F dry manifold temperature. The tests 
made to determine the correlation cm've were at dry mianifold tem- 
peratures in the range of the tests made to establish figure 7. 

\Jhen ovJiy one series of tests is made to establish the varia- 
tion of Tg with fuel-air ratio and the values of Tg are a little 
different than expected at 0.08 fuel-air ratio and 80^ F dry mni- 
fold temperature^ the cjTve should be presented in the following 
manner for greater accuracy of results: plot the ratio of values 
of Tg obtained from the tests at any fuel-air ratio to the Tg 
obtained at 0.03 fuel-air ratio against fuel-air ratio. Then use 
the curve to find Tg at 80^ F by multiplying these ratios by 
tho Tg used to establish the cooling equations (in the present 
case 1150^ F for the head and 600^ F for the barrel). 

General correlation crurve . - The cooling of a cylinder or 

"^h - ^-a 

engine can be determined by means of tho indices ^ and 

7= — (reference 2). The lower the value of the indices for 

ig - lb 

given engine and cooling conditions the bettor the cooling of the 
cylinder. From equation (5) it can be seen that^ if such indices 

are plotted against ( ^ . in which I is the power output and 

V is the displacement of the cylinder or engine, on paper having 
logarithmic ordinate and abscissa scales, straight lines with a 
slope of unity should be obtained. All data should fall on the 
same line regardless of engine and cooling conditions if the correct 
Tg is used in the cooling indices. Such lines are proof of the 
validity of the cooling equation. 
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Tests vere inado for a large range of engine and cooling condi- 
tions^ as shciTn in the ta'ole of figure 8, and calc^ilations of the 
foregoing parameters were r-ade. The results are plotted in fig- 
ure 8. From equation (3) it can he shewn that the value of the 

, /-_\n' B a-i v^^' 

cooling index when 1±/Zl — 1 should he — . From the 

T.rin^ K ao 

present cylinder v = 155.9 cubic inches, Wien the values of B 
and K for equations (11) and (12), a^; ao- n» , and v are sub- 
stituted in this formula, the value of the head index is 0.396 and 
the barrel index 0.377, A 45^ line dra-^m through the points for 
the head and another through the points for the barrel intersect 
the cooling indices at 0.39S and 0.389, respectively. The line 
thorough the nead points does not quite fit some of the points^ but 
the difference in head teiiperature between the points and. the line 

is not very great. The intercept at ^ — = 1 for the barrel 

is a little higher than the calculated intercept but the difference 
is very small. In general^ the points for the barrel fall very 
near the line except for a few at the upper end of the curve. From 
these data the application of the cooling equation for a wide range 
of engine and cooling conditions is verified. 

Tenperatuj- e di ^itribu bion over cylinder . - In reference 2 equa- 
tions we're doveloped in which tomperatuj."es at individual points on 
the cylinder were set up as functions of the engine and cooling con- 
ditions. To debermine temperatures at individual points by such 
equations is rather tedious and, if som.e simple relations between the 
average cylinder temperatures and pertinent individual temperatures 
could bo obtained, orAy the equations for tho average temporatijires 
and those ajmple relations wouJLd be needed to determine the individual 
temperatures. 

Various individual cylinder tompcraturos have been plotted in 
figure 9 against either the average head or tho average barrel temper- 
ature, depending upon the location of the thermocouple whoso tempera- 
ture is being plotted. Tho various kinds of sj/mbols used to plot 
the tost results indicate a wide range of cooling and engine condi- 
tions, as shoYTi in the table in fig^c 9. ITo trend of individual 
temperature with variation of cooling or engine conditions for a 
given average head or barrel temperature could be noted, and faired 
curves have boon drawn through all the tost points for each location. 
These curves show that the temperatures at individual points on the 
cylinder barrel remained approximately constant for a given average 
ban el temperature; tho some condition was true of individual tem- 
peratures on the cylinder head for a given average head temperature^ 
regardless of engine and cooling conditions. An analysis of the 



coclirr; eQuatlorio f^r the head and tho barrel of the cylinder and the 
curve of average head tomporature ar;ainbt rear spark-plug temperature 
•'vvill show thc^t^ for a given rear spark -pliTg temperati:rr:;^ although 
T|-^ IS constant for any encmo and coclin;;^ condition^ T^^ vail not 
rer.ain constant as engine and coolinp; con(iitions are varied. The 
orly case in which will remain constant^ when the rer.r spark-plug 

temperature is constant but the ccolino: and engine conditions are 
var^'in^v, occurs when the values of rp. * and n* are the same in both 
the head and the barrel eq^-Vctions. From curves such as are shovm 
in figure 9, the limiting; value oT Ti^ to be used in equation (11) 
for determining the cooling performance can be obtained iT the lim- 
itinr: value of the rear soark-plug temperature is kno^'m. 

Kost of the date- in f igui^e 9 ar^ for the tests without baffle 
plates. One curve is shov/n, however, for the tests vri.th baffle 
plates, namely, T^^ plotted aralnst rear spark-plup- temperature, 
x^cr the same value of Ti^ the rear spark -plup. temperature is much 
hotter -"-nth baffle plates than v/ithout baffle plates. I^om the 
results of figures 6 and 9 for the sam,e weight of cooling air and 
horsepower, the decrease of rear spark-plug tem.perature is small :'vhen 
baffle plates are used as comr;ared vri.th the temperature v;hen baffle 
plates are not used. The baffle plates, however, appreciably 



Plotted in figure 9 are the average barrel temperatures based 
on the temeeraturos of the aluminum muff arai.nst the average barrel 
temiperatures T]j based on the steel temporatures. h curve with a 
slope of unity fits trie data close.ly, v/hich shovirs that the tempera- 
ture drop from the steel to the aluiminum muff is negligible or that 
the thermal bond between the muff and the stc.l is very good for the 
cylinder tested. 

Comparison nf multic^/'linder and sine.le-cylinder engine cooling . - 
The r^eults of the tests on the Pratt & Biitnoy R-2bOO-27 e^npinc oC 
reference and the presciit tosts plott-;d in the forms of equa- 
tions (U) and (?) are shovm in figure 10. For the multicylinder 



and n was 0.!^6.^. Flott-'ng; the single-cylind.^r results in like 
marxner f;ives the same exponents, as sho^™ in figure 10. Points 
are sho'vn on the curves for the single-cylinder engine plotted in 
the form of equation (U) but no points are shown for the curves of 
this engine plotted in the form of equation (.?). The curves in the 
form of equation ( ^) were obtained from the equations of the curves 
in the form of equation (h) and from plots of against ^PP±/P^o* 
The value of Tp in the cooling index for the multicylinder-engine 
curves is the average of the rear spark -plvig temperatures of all cyl' 
inders, and the value of Tp for the single-cylinder-engine curves 
is the temperature of the rear spark plug. 
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The resu.lt s show that the cooling of the engines is in hetter 
a^recLient on a p-.."efc? sure -drop oasis than on a weight-of-air "basis. 
The resiats of the tests vith haffle plates on the single-- cylinder- 
engine setup were in hetter agreement wit]i the nulticylinder results 
than the results of the tests without haffle plates. For a value of 

_2_ of 0,3, T^ of 1150^ F, and t^ of 100^ F, the difference 

ApPi/Peo ^ 

"between Tp for the nulticylinder engine and Tp for the single- 
cylinder engine with haffle plates is 18^ F. This difference is not 
very great but^ owing to the form of the cooling equation^ a small 
change in Tp makes a large change in Ap. It is therefore essen- 
tial to know the difference hetween multicylinder and single-cylin- 
der cooling in order chat predictions of Ap for multicylinder 
engines from single -cylinder results will be in the range of cooling- 
pressure drop required by milt i cylinder engines. 

As brought out in Appara^tus^ standard baffles^ such as were used 
in reference 4^ were not used in the single- cylinder tests. A spe- 
cial Jacket was used. This special jacket gave slightly hetter 
cooling than for the m^olti cylinder condition as Indicated by the 
curves in fig-ore 10, Later single- cylinder tests with standard baf- 
fles gave better cooling than either the multicylinder tests or the 
single- cylinder tests with the special Jacket. From this result it 
follows that single- cylinder cooling with standard baffles will he 
better than mult ic;)linder- engine cooling. Once a relation has been 
established for one set of conditions hetween m^olti cylinder- engine 
cooling and single- cylinder- engine cooling, however, further con- 
ditions can he tested on the single -cylinder engine and engine 
cooling can be predicted from the resuilts. 

In m'ulti cylinder- engine cooling, sufficient air must be passed 
across the engine to cool the hottest cylinder even at the expense 
of overcooling the other cylinders. In order to determine the pres- 
sure drop required for cooling the engine, not only the relations 
shoTm in figure 10 hut also the relation hetween the hottest rear 
spark-plug temperatui-'e and the average rear spark-plug temperature 
must he known. This relation for some conditions for the Pratt & 
Whitney R-2800-27 engine is shown in the curve of flgm^e 9(b), which 
was obtained from reference 4. \IliGn the power of the engine was 
increased, this curve changed somewhat, but it is an approximation 
of what the hottest plug temperature will be for all conditions. 
In general, the hottest plug temperature was ahout 50^ F higher 
th^an the average of the rear spark-plug temperatures. 

The moan effective gas temperature Tg was obtained in refer- 
ence 4 for a dry manifold temperature of 80^ F for various fuel-air 
ratios. The method of obtaining Trr referred to a t^ of 80^ F 
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has "been given in the Analysis. The values are plotted in figure 11, 
The vali.ies of Tg at eo^ F for the single- cylinder engine are also 
given in figure 11. The values for the single- cylinder engine were 
obtained using an equation of the form of equation (4) and the same 
factor to correct to 80^ F as i/as used In the case of the multicyl- 
inder tests. The agreement of the resvdts is excellent ahove a 
fuel-air ratio of 0,07 but below 0,07 the single- cylinder curve 
decreases more rapidly than the multicylinder-engine curve. It 
would be expected that the curves wo^old agree above 0.07, If Tg 
1^3 known for each cylinder of the miaticylinder engine but only 
the fuel-air ratio of the entire engine -was knoTvn^ a series of curves 
of the shape of the single-cylinder curve of figure 11 would be 
obtained and would be displaced along the fuel-air ratio axis. It 
can be shown that an average of these displaced curves would be a 
cm-ve different below a fuel-air ratio of 0,07 than the single- 
cylinder curve. The single- cylinder curve represents the true 
curve for each cylinder of the multicylinder engine if all factors 
of the cooling equations for these cylinders were kno-^sTi. 

Engine Perf oiriance 

Effect of engine speed . - The results of the tests with wide- 
open throttle for varying engine speed are given in figure 12. All 
values of mean effective pressure and horsepower are observed, 
readings. The manifold press^;j"e was less than atmospheric^ owing 
to the drop through the air-measuT-ing system. For a given m^if old 
pressure and temperature^ the brake and the indicated moan effective 
pressures increased and then decreased with an increase of speed 
within the range tested. The tests were made with a maximimi-power 
mixture, and the res^Jilts show that the indicated fuel consimiption 
and the fuel-air ratio remained almost constant over the range of 
speed tested. 

Effect of fuel-air 2-atio . - The variations of power, mean effec- 
tive pressure, and specific fuel consumption with fuel-air ratio at 
wide- open throttle and at an engine speed of 2100 rpm are shoTO in 
figure 13. The power remains fairly constant for fuel-air ratios 
from 0.0*^5 to 0.09 but decreases below a fuel-air ratio of 0.07. A 
fuol-air ratio of 0.07 will bo taken as corresponding to the maximum- 
econom;>^ mixture even though the minimum specific fuel consumption is 
obtained with a fuel-air ratio of 0.065. The ratio used will bo 
0.07 instead of 0.035 because there is little difference in the spe- 
cific fuel consimiption with either ratio and the power is greater 
with the higher ratio. A fuel-air ratio of 0.08 will be used to 
denote the maximum-power mixture. 
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H.ffect of ma n.i Lold pr essure > - The variation of performanco 
Y/ith manifold pressarc is shovm in figure iLi • The indicated horse- 
povrer varien ij nearly w^.th manifold press^ire and, for the greater 
part of the range of manil'old pressure, the indicated specific fuel 
coiisuniption remains approximately constant. These data provided 
vrj.ues near the rated power output of the R-2800~21 enrine that 
could bo used to extend the curves of figure 8, 



Dote rr^ination ^f equivalent roar spark-plup te r.pera tur e used 
in cooling" equatio7r"f or ^in ^I^-c^.TrnZe.r^'englne , - Before the cooling- 
pressure-drop determinations for various cooling and engine condi-tions 
are given, the relation hetween the hottest rear spark-plug temper- 
ature of the multicylinder engine and the rear spark-plug temperature 
of the single-cylinder engine must be determined. The object of 
determining this re].ation is to find what rear spark-plug temperature 
m.ust be assumed in the cooling equation for the single-cylinder 
engine in order that the cooling-preSwSure drop determined y.al.l be 
tha.t needed to cool the multicylinder engine to somtO stated hottest- 
plug t er^ireratujre . 

FrcH: figure 10, the coding equation of the single-cylinder 
engine with baffle plates is 



Estimated Coo] ing-FrGSsurr:-;Orop Requirements 




0.7,2 



(17) 



and for the multicylinder engine, ir; 




0.32 



(18) 



The relation betv/een the maximujr. rear sprrk-plug temperature 
and the average rear spark-plug temperature for the multicylinder 
engine shoivn in figure 9(b) can be represented by the equation 
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rr^ere T^^^ is the maximum rear spark-plufz temperat^ire^ "^7. For the 
same values of and ^PPi/Pq ^"^^ equations (1?) and (13), the 

relation between Tv^p and Tp "for the sincle-cvlinder engine becomes 

\ (^hp-^ 8-^-^2tJ. 0.9^2t^ il.C2 Tg-Thp - U8) 
C.UG.^ (Tj^p - U8-l.C2t.)-^ C.^U2 (x,G2 Tg-T^p + liQ) 

CalcuJations of ■ T for various values of T^_p for several fuel- 
air r-i.tios and cooling -air temperatures were made and the results 
are shoivn in figure 1?. The calculctions were made on the assump- 
tion that the dry m^anifold temperature was equsl to the cooling-air 
temperature^ and T„ was obtained from figure 11 for each fuel-air 
ratio. Equation (2C) applies onD.y for a range of fuel-air ration 
from 0.0? to 0.11 where the sinr^le-c^dinder- and m.ulti.cylinder- 
engine T^^ values agree. "^'elow a fuel-air ratio of 0.07, a rela- 
tion corresponding to equati'^n (20) would have to be derived 
involvinp; T^ for both the single-cylinder and the multicylinder 
engines. 

Figure 1.^ shows th^it, for the r-ni:e of f^iel-air rptio.:^ and 
cooling-air tempcrf^ture clicsen, there is little difference in Tp 
for a given Tv,p. The air tempei^atures chosen are the Navy, Army, 
and Civil Aeronautics Authority standard sea-level temperatures. 
The main change in the values of Tp of figure 1^ will occur with 
a change of inlet manifold temperature, as when a supercharger is 
used. There is anoroximately 7.^^ F difference between the maximum 
rear spark-pluF. temperature of the multicylinder engine and the rear 
spark-plug temperature of the single-cylinder engine in figure 1.^ 
for the sam.e cooling and engine conditions." 

C o 0 1 ing -xjt e s su r e -dr op re g i^. ir erne nt s . - Cooling-pressure-drop 
requiremcTits have been calcijl-'-t'ed from, equation (17) for the fol- 
lowing conditions of the Pratt & V/hitney R-2 600-27 engine: 
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Condi- 
ticn 


Atrnos- 
pheric 
pres- 

Pa 

(in Jig 
abs • ) 


Atmos- 
pheric 
temper- 
ature^ 


1^1 ower - j Max ii'ium 
rLm |rear 
tempera- j spark- , 
ture, iplug 
t^ itemper- 
(oyr) -ature^ 

i Thp 


f/a 


pov/er 


Altitude 


1 
2 

r: 




2?. 92 
29-92 
29.92 
29-92 
29.92 
29.92 




100 
100 
100 
100 
100 
100 


L.B. i <00 
L.P. ; ^00 

L,?'. '; ^-^O 

IOC i "^CO 
j L.B. 1 L?C 

! 1 


0.10 
.08 
.11 

.10 
.10 

.08 

1 


Take-off 

do 

do 

do 

do 

Normal 
rated 


Sea level 
Do. 
Do. 
Do. 
Do. 
Do. 



■^'L.'^. refpTs to temperature at blower rim using lovf-blower gear ratio. 

The engine would probably fail for condition 2 with present-day fuels 
because of knock ^ but this condition was assumed to illustrate the 
effect of fuel-air ratio on cooling -pressure drop. 



The take-off power of the Pratt & ^Yiiitney R-28CO-27 engine is 
2000 brake horsepower at 2700 rpm and the normal rated power is 
1600 brake horsepower at 2Lt00 rpm. The friction horsepower of this 
engine^ taken from unpublished data, in lov;- blower at 2700 rpm is 
398 and at 2U00 rpm is 29)-i. Then 

Take-off power = 2?98 indicated horsepower 
Normal rated power = l89U indicated horsepower 

The bl07^er-rim temperatures were calculated from equ.ation (6) 
on the assumption that t^ equals t^. The blower-rim temperatures 
are thus represented hj the dry manifold temperatures. The tip 
speeds of the impeller were determined from the engine speed, from 
the im.peller diam.eter, which is 11 inches for this engine, and from 
the imipeller-gear ratio, vvbiich is 7.60rl in lovf blower. 

The values of T^ wf?re found from the fuel-air ratios given in 
the table and the values of ir^ were calculated from figure 7 and 
equ'tion (7). The values of the rear spark-plug temperature to use 
.ir. the single-cylinder cooling equation (17) in order to get equiv- 
alent multi.cylinder cooling-pressure drops were calculated by means 
of equation (20) with the values of T^^p and t^ given in the table 
of conditions and the calculated valu^:s of T^.. 
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The weights of charge air needed to develop take-off and 

normal rated pov/ers v/cre obtained from the curve of fir;vro 16, which 
vvas d'^^:te:;rmined from data of this report. This curve checks closely 
vdth a sijnilar curve obtained from unpublished test data on the 
multicj'-linder-engino air consumption. For the first calculations 
of Z^p^ the cooiing-air temperature in both equations (1?) and (20) 
7,^s assumed to be atmospheric temperatiu'e and pj_ was calculated 
from the atmospheric pressure and temp:^rature. The results cf the 
calculations are pivon in the follc^ving table: 



Condi- 
tion 


(Op) 


(°F) 


(°F) 


(Op) 


(lb/s?-c) 


Pi 

!.(lb)(sec)2/ft^] 


dp 

(in. water) 


1 


U16 


100 


262 


llOU 


3.8^ 


0.0708 


13 .3u 


2 


hi? 


100 


262 


1256 


3.8'^ 


.0708 


29.23 


7, 


)u20 


100 


262 


100)4 


3.8? 


.0700 


7.91 


h 


)j.66 


100 


262 


llOL 




.0708 


A. 8^ 




U20 


100 


100 




3.8'^ 


.0708 


6 . 7^' 


6 


370 


100 


228 


1263 




.0708 


3U.26 



The pressure drop required for cooling for condition 2 v/as 
checked by using the mult j.cylind jr-engine cooling equation (16) and 
the relation between Tp and T^p for the mult j cylinder engine 
given by equation (19)* The value of Tp. was found from the fuel- 
air ratio given and the previously calculated values of tjy;. by use 
of the multicylinder-engine curve on figure 11 and equation (?)• 
The calculated /^p v^as 29. [i2 inches of water ^ which is a good check 
of the 29*23 inches of v;ator from the single-cylinder-onpine cooling 
equation. The foregoing results show that multicylinder cooling- 
pressure drops can be predicted with little error from single- 
cylinder-engine cooling equations if tho relation between Tp of 
the single-cylinder engine and Tj^p of the multicylinder engine is 
known or can be estimated v/ith fair accuracy. 

Effect of adia^^atic ccmpreGsion of the air r?.t the engine face 
on cooling -pressure drop s. Calculations of cooling -pressure drops 
for cono'itions 1 to 6 given in the preceding table have been made by 
using the pressure and temperature at the engine face, an assumed 
airspeed of 200 miles per hour for conditions 1 to and an assumed 
airspeed of 3^0 miles oer hour for condition 6. The pressure and 
the temperature at the enrino facci were calculated from equations (8) 
and (9) and the pressure drop, from an equation of the form of 
equation (10). The exponent m^ of equation (I8) and the relation 
between Tp and Tj^p given in equation (19) w.jre used in equa- 
tion (10). The values cf Ap used in equation (10) were the values 
given in the preceding table. The values of Ap^ and Ap are 
gi.ven in tiie followinr^ table for compa.ri3cn of the adiabatic compres- 
sion effect: 
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Condition 


/■ p 




1 


13.3].!. 


1?.79 


2 


29.2' 


30. 2' 




7.91 


8.18 






7.02 


cr 


6.70 


6.93 


6 


ni.26 


39.U2 



The r-.3ults show that^ for 200 miles per-hour^ using the atmos- 
pheric prossiiro and tomp:..ratur -j in the coolinp; equation instead of 
the pressure and t.,;mT.)eratur j at the engine face resulted in only a 
small difference in the estimated ccoling-pressure drop. For con- 
di.tion 6 at 5.^0 miles per hour, however, the difference in the 
cooling-pressure drops was appreciable 2 3^.26 inches of •'.vater by 
using Pq and t^ : ^ ' J.i2 Inches of water by using and t^. 

Calculations for UC, . et show that the adiabatic compression 
effect on dp is much smaller than the effect at scs lev^l. 

Oompari.scn of Ap^ for conditions 1, 2, and 3 3ho--.T3 the large 
effect on cooling-pressure drop of 'n.eaning out" the mLxture. For 
a fuel-air ratio of 0.11, a pressure drop of 8. 18 inches of water 
was required to cool take-off power at sea level j for a fuel-air 
ratio of 0.10 and the other conditions the same, 1?.79 inches of 
water; and for a fuel-air ratio of 0.08, 30.23 inches of water. 
The effect of increasing the allo-^.ble maxiijiium rear spark-plug tem- 
perature is sho;-Ti by compering ^p^ for conditions 1 and -4. 
Improving engines to such a point thnt they could be safely operated 
at rear spark-pjug temper^^tu.res of ^'^0'^ F vrould, for the conditions 
assum.ed, decrease the cooling-pressure drop required from 15.79 inches 
of water to 7.02 inches of water or ivould approxim..?tely halve tliO 
original pressure drop. The effect of decreasing the intake mani- 
fold temperr^ture by using intercoolers, and therefore decreasing Tg, 
is illustrated by conditions 1 and 5- The cooling-pressure drop 
required is again ciorroxi^'mately hnlved - froT 1^.79 to 6.93 inciies 
of water. 

The large pressure drops required for cooling at even normal 
rated power at sea level with economical fuel-air ratios are illus- 
trated by the 39.^2 inches of y^/ater required for condition 6. The 
pressure drops calculated are only those required across the engine 
and do not include cowling-duct losses. It can be shoTO that, for 
scm.e conditions of flight, the pressure drop across a duct in a 
moving stream can be as much as twice as great as the pressure drop 
across the heater in the duct. The usual procedu-re at present for 
cooling epglnes under certain conditions in which cooling-pressure 
drops requ:>ed are not -vailable is to enrich the mixture. The 
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efxect of this enrichrient on ^p^ is shown in the calculations for 
conditions 1^ 2^ and 3. It is thought that, at high altitudes 
(approximately UO^COO ft), even the additional cooling provided by 
enrichinf^ the mixture will be insufficient to cool engines wh-^se 
power outputs are greater than, but whose fins are the same as, those 
of present-day engines. The greater power outputs will be possible 
because of im.proved superchargers. Some research on the causes of 
th^ poor temperature distribution from cylinder to cylinder of 
present-day engines is needed. From figure 9(b) it was shown that 
the average temperature of the rear spark plugs of the Fratt & 
Whitney R-20CO-27 engine was about ^0^ F lower than the maximum rear 
spark-plug temperature. In order to limit the hottest cylinder to 
h?0^ F on the rear sparK plug, enougli air must be furnished in order 
that the engine as a whole is operating at only about UOO^ F on the 
rear plugs. The im.provement of the cooling of the one or two hot 
cylinders could possibly result in decreases of cooling-pressure 
drop required of the order of decrease of /Vp^ for conditions 1 and 
h. 



CONCLUSIONS 

For the range of conditions and for the engines tested in this 
investigation the following conclusions can be dravm: 

1. An equation to determine the cooling characteristics of air- 
cooled engines was proved valid for a cylinder from a Pratt & 
yjhitney R-2800-21 engine mounted on a single-cylinder eixgine for a 
large range of engine and cooling conditions. 

2. The pres":ure drop required for cooling a Pratt & 
lAHiitney R-28CO-27 engine was determined with little error by means 

of the cooling equation of the single-cylinder engine with a cylinder 
from a Pratt & Whitney R-2800-21 engine' mounted on it. These" pre- 
dictions were made only after establishing the relationship betv/een 
the hottest rear spark-plug te^m.perature of the multicylmder engine 
and the rear spark-plug temiperoture of the single-cylinder engine. 

Aircraft Engine Research Laboratory, 

National Advisory Commtittee for Aeronautics, 
Cleveland, Ohio. 
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SW:CL3 

outside-wall area of head (or barrel) of cylinder^ sq in.^ 
(does not include rocker-box surface) 

internal-surface area of head (or barrel) of cylinder^ sq in. 

constant (See equation (1).) 

constant (See equation (la).) 

constant (See equation (^)#) 

SDecific heat of air at constant . pressure^ Ptu/(rD) (^F) , 0.2u 
fuel-air ratio 

acceleration of gravity, ft/(sec)^, 32.2 

heat transferred from cylinder hocid (or barrel) to cooling air 
Btu/hr 

indicated horsepower per cylinder 
mechanical equivalent of heat^ ft-lb/Ptu^ 778 
constant (See eqU'-;tion (1)0 
constant (See equation (3)*) 
constant (See equation (2).) 
constant (exponent in equation (l)) 
constant (exponent in equation (?)) 
constant (exponent in equation (h)) 
constant (exr-^ i- equation (^)) 
constant (exponent in equations (h) and (?)) 
constant (exponent in equations (l) and (3)) 

pressure of coolinrr, air at en^iine or cylinder face. in. Hp; abs 
static pressure of air in free air stream, in. H^: abs. 



djniamic pr^:issure of air in free air stream^ in. Hg 



tenperati:re of coolinp, air at i'aca of cylinder or ongino^ 

average temperature over outside cylindp.r-"^^arrel surface iv1:ien 
equilibrium is attained, 

carburetor inlet-air tenporature^ 

mean effective gas temperature, ^F 

average temperature over outside cylinder-head surface when 
equilibrium is attained, ^F 

maximum rear spark-plug temperature, ^F 

temperature of cooling air corrected for adiabatic compression 
cf air from free stream to engine face, ^F abs. 

Ti - li60, ^F 

dry effective inlet manifold temiperature, ^F 
temperature of air in free stream., ^F abs. 
To - h60, ^F 

average of temperatures of rear spark plugs on multicylinder 
engine or rear sp-rk-plug tem.perature of singlG-c:/l'inder 
engine, ^F 

over-all heat-transfer coefficient from outside cylinder ^vall 
of engine to cooling air, based on difference between average 
cylinder temperature and inlet-coolinp-air tem.perature, 
IBtu/(hr)(sq in.)(^F) 

tip speed of primary blower, fps 

displacem.ent vclum.e of cylinder, cu in., 1^^.9 

speed of a-^'rplane, mph 

weight of cooling air passing over head (or barrel) of c,yl- 
inder, lb/sec 

weight flow of charge air to engine, lb/sec, (for the single- 
cjllnder engin-- of the present tests = weight of charge 
to the cylinder x 18 to be comoarable with the flow to the 
P. & IT. R-28OC-27 engine) 
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vel.giit of cooling; air fl.owing across miilti cylinder engine^ 
ro/zeCy (for the single- cylinder engine Wt = "^Tei£?;ht of 
cooling air f loving across head and "barrel of cylinder x IB 
to he coriparahle izith P. & \J. K-2800-27 engine cooling-air 
flov) 

constant (exponent in equation (2)) 

average density; of cooling air, (Ih) (sec)^/ft^ (based on tem- 
peratures aiid pressures of cooling air before and behind 
cylinder) 

density of cooling air at face of cylinder or engine^ 
(lh)(8eG}2/^t^ 

density of air in free air strean^ (lb) (3ec)^/ft^ 

density of air at 29. S2 in. Hg and 60'^ (lb) (sec)^/ft^ 

cooling-pressure drop across cylinder or engine^ in. i/ater^ 
(inclvides loss caused by expansion of air from exit of 
baffle) 

cocling-pres3"\re drop across engine corrected for adiabatic 
compression of air at face of engine^ in. water 

increment of mean effective gas temperature^ ^ 

incitement of dry effective inlet manifold temperatiure^ ^ 
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Figure 3.- Three views of Pratt & Whitney R- 2800-21 cylinder showing location of thermo 
couples. 
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Figare 6.- Variation of outside-wall heat- transfer coefficient 
with weight of cooling air across cylinder. 
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Figure Variation of the effective gas temperature with fuel- 
air ratio. 
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Figure 8.- Variation of (Tii-ta)/(Tg-Th) and (Tb-ta)/(Tg-Tb) 
with ( l/v)'^' for single -cylinder engine. 
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Figure 11.- Comparison of single-cylinder and multicylinder effective gas 
temperatures. 
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Figure 12.- Variation of performance with engine speed. 
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Fig. 14 
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Figure 14.- Variation of performance with manifold pressure. 
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Figure 16.- Eelationship between charge-air weight and indicated 
horsepower. 



